A pair of putatively isogenic pss (Ts) and pss+ (phosphatidylserine synthetase structural gene) strains was constructed and analyzed, together with the revertants, for the physiological consequences of cessation of the optimal synthesis of phosphatidylethanolamine (PE). Their in vivo and in vitro abilities to synthesize PE and the growth rates at different temperatures were determined. The rate of PE synthesis by OS2101 pss(Ts) was inversely related to the culture temperature. OS2101 in a low-salt broth medium stopped division and formed filamentous cells with declining viability upon the elevation of culture temperature from 27 to 42 or 44°C, whereas the syntheses of deoxyribonucleic acid, ribonucleic acid, and protein were not affected. Proper concentrations of cations such as Na+, Kt, NH4+, and Mg2-or of sucrose could remedy the division and growtlh of OS2101 at the restrictive temperature without restoring normal PE synthesis. A remedial effect other than osmotic protection of these effectors and an adaptive regulatory mechanism for PE formation are suggested.
Genetic modification of bacterial membranes and the analysis of consequences of such modification to cell physiology may provide one of the most direct approaches to elucidating the roles of membranes on a molecular basis. Temperature-sensitive and auxotrophic Escherichia coli mutants that bear lesions in fatty acid biosynthesis or acyltransferase activity have been reported (30) . They are useful in understanding the effect of the cessation of total membrane lipid synthesis, but the information concerning the roles of individual lipid species may more adequately be obtained with mutants whose lesions lie in the enzymes after the biosynthetic branching point, i.e., after the formation of cytidine 5'-diphosphate (CDP)-diglyceride.
We have previously reported the isolation (22, 25) , biochemical identification (24) , and genetic mapping (23) of one such mutant of E. coli K-12 , which has a temperature-sensitive CDPdiglyceride:L-serine O-phosphatidyltransferase (EC 2.7.8.8; phosphatidylserine [PS] synthetase). This enzyme catalyzes the synthesis of the immediate precursor, PS, to phosphatidylethanolamine (PE) . Its structural gene, pss (PS synthetase), was located at min 56 (23) on the chromosome linkage map (3) . Recently, Raetz (26, 27) also reported the isolation of similar mutants, which probably bear the lesions in the same gene. Hawrot and Kennedy (11) described another mutant with an altered psd gene, which directed the synthesis of temperature-sensitive PS decarboxylase. Phosphatidylglycerophosphate synthetase was found altered in another group of Raetz's mutants (26) , but they had almost normal phenotypes and lipid compositions and therefore cannot be used in the analysis of the roles of phosphatidylglycerol (PG) and cardiolipin (CL) in membrane function.
In this paper, we describe the construction of the pss (Ts)-pss+ pair with defined genetic backgrounds and the results of partial characterization of the pss(Ts) mutant. The addition of sucrose or certain cations was found to correct the temperature-sensitive phenotype of the pss(Ts) strains, without correcting the defect in PE synthesis. The roles of PE in membranes will be discriminated and discussed on the basis of such phenotypic suppression.
MATERIALS AND METHODS
Bacterial strains. A list of strains is given in Table 1 . Strain OS294 is the original pss mutant isolated by [ 3H] serine suicide concentration and direct ion-exchange paper chromatographic survey of 32P-labeled lipid synthesis from mutagenized CS101 (22, 25) . During the course of genetic analysis, it was found to have at least one more temperature-sensitive mutation besides pss.
Construction of pss(Ts)-pss* isogenic pair. The pss gene of OS294 was transferred into strain OS1301, which was a trp+ strA recombinant of KL16 434 7.2 with NaOH. This medium had a relatively low ionic strength and phosphorus content. Salts or sugars were added to NBY, as specified. Tris(hydroxymethyl)aminomethane (Tris)-glucose (9) and 3-(Nmorpholino)-propane sulfonate (MOPS) media (20) fortified with thymine, thiamine, and uracil were used when indicated.
Growth of cultures. Cells were grown at 27°C (permissive temperature) or at 42 or 44°C (nonpermissive temperature for OS2101) with constant shaking, and growth was monitored by absorbancy measurements at 660 nm in an ADS photoelectric meter (Fuji Kogyo, Tokyo). ADS units observed were converted to optical density units at 660 nm by using a standard conversion curve. Temperature and salt concentration dependence of growth rates were determined in a model TN-112D temperature gradient biophotorecorder (Toyo-kagakusangyo, Tokyo), which allowed automatic absorbancy (660 nm) and temperature recording for 12 cultures simultaneously at different temperatures. Colony-forming units were measured on 1.5% agar plates containing NBY or NBY plus salts or sugars, as indicated, at 27 and 42°C after a series of dilutions in physiological phosphate-NaCl buffer. To determine the medium composition that protected cells from death but did not allow growth, plates were incubated at 42cC for 48 h and then transferred to 27°C, and the colonies formed were counted. Changes in medium composition caused by drying of the plates were corrected by measuring the weight.
Phospholipid synthesis. The rates of phospholipid synthesis after the temperature shift were measured as follows. Cells grown at 27°C to about 2 x 108 to 4 x 10' cells per ml were transferred to a higher temperature. After 30 min, 0.4 ml of the culture was withdrawn into a glass-stoppered test tube, which contained about 25 gCi of carrier-free 32p, and kept in the same water bath. Transferred cultures were shaken for 10 min, unless otherwise specified, after which 1 ml of chilled methanol was added. Lipids were extracted according to the method of Ames (2) and separated by thin-layer chromatography on silica gel plates (Merck, no. 5721), and the radioactivity of each spot was determined as described previously (22) .
Macromolecule synthesis. Incorporation of 3H-labeled thymine, uracil, and leucine was measured during the temperature shift lo obtain rough estimates of deoxyribonucleic acid, ribonucleic acid, and protein syntheses, respectively. Cells grown with labeled precursors were withdrawn at intervals and collected on filter-paper disks. (Fig. 2) . This inverse correlation of PE synthesis to culture temperature was essentially the same in three media tested. Two synthetic media used supported the growth of OS2101 at 42°C, as will be discussed later. Upon shift from 27 to 44°C, PE synthesis in OS2101 ceased almost instantly and completely. Cellular composition of the major phospholipids of OS2101, as expressed by 32p radioactivity isolated from uniformly labeled cells, was likewise changed after the shift in culture temperature (Fig. 3) . The conversion of PG to CL seemed to be accelerated under these conditions.
Viability and morphology of OS2101 were also affected at the nonpermissive temperature. When OS2101 grown in NBY at 27°C was shifted to 42 or 44CC, cell mass, as measured by absorbancy of the culture, continued to increase for about 2 h and then gradually slowed down (Fig. 4) Macromolecule synthesis was examined by incorporating 3H-labeled precursors into deoxyribonucleic acid, ribonucleic acid, and protein of four strains. One hour before the elevation of the culture temperature, 3H-labeled thymine, uracil, or leucine was added, portions of the culture were withdrawn at intervals, and acid-insoluble radioactivity on filter-paper disks was assayed. Figure 5 Remedial effect of salts and sucrose. When OS2101 was grown in Tris-glucose medium and shifted to 42°C, colony-forming units did not decrease, in contrast to the results in NBY. Agar plates of this synthetic medium also supported the growth of OS2101 at 42°C. Since Davis synthetic medium (8) did not have this remedial effect, all components of Tris-glucose medium were separately added to Davis medium, and the remedial effector was sought. Various cations and sucrose were found to have this effect when added at the proper concentrations. Synthetic media with various compositions were tested, but NBY was found to be the best medium for revealing the temperature sensitivity of OS2101 without losing optimal growth at the permissive temperature. Figure 6 demonstrates the remedial effects of some medium components on the colonyforming ability of OS2101 at 42°C. OS2101 did not form colonies at 42°C on NBY-agar (NaCl, 0.2%) plates with additional NaCl concentrations of 70 mM or less, whereas NaCl at a concentration of >100 mM in addition to the basal 0.2% concentration elicited both growth and colony-forming units similar to those found at 27CC. MgCl2 had the same remedial effect at concentrations less than one-tenth those of NaCl. These effects of salts were found to be ascribed to their cations, since Na2SO4, MgSO4, and Na2HPO4 showed essentially the same effects as their chlorides, but the comparative concentrations of anions added as the Tris-salts did not show a remedial effect. K; and NH4 had effects similar to that of Na-, but Ca 2 and Fe:3-did not show any effect. Sucrose showed a similar remedial effect (Fig. 6 ), whereas glycerol had a much weaker effect (data not shown). These effectors, at somewhat lower concentrations than those shown in Fig. 6 , did not promote growth but protected the cells from death during incubation at nonpermissive temperatures. The osmotic contributions of MgCl,, sucrose, and NaCl at their half-maximum colony-forming concentrations (Fig. 6) were 18, 35 , and 180 mosmol/kg, respectively.
The osmolarities of NBY (NaCl, 0.2%), Davis, Tris-glucose, and MOPS media used in the present study were 147, 156, 290, and 188 mosmol/kg, respectively. The different osmotic pressures of the effectors required indicated that the remedial effects of cations and sucrose were not simply due to their osmotic contributions.
The effect of sodium ions on the growth rate of OS2101 at an otherwise nonpermissive temperature (42°C) is shown in Fig. 7 . Growth rates, as well as the final cell concentration of OS2101 at this temperature, were highly dependent on the concentration of Na+ added to NBY medium. The NaCl concentration that corresponded to half-maximum growth was slightly higher in liquid culture (total NaCl, 1.2%) than in solidified agar plates (total NaCl, 0.8%). When NaCl at a total of 2% was present, cells grew sufficiently fast. Under these conditions, cells of OS2101 could divide, giving a 
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., Z0 Fig. 1 , except that the temperature of the biophotorecorder was set uniformly. NaCl concentration is expressed as the total added to each culture tube. heterogeneous population of cell length ranging from normal to five times normal. The highest temperature at which OS2101 could grow was still lower even in the presence of NaCl than those for OS2124 and the revertants at the same NaCl concentrations.
The decline of in vivo PE synthesis by OS2101 upon the shift of culture temperature from 27CC to a higher temperature was essentially the same in NBY and in two synthetic media, which allowed the growth of OS2101 at the elevated temperature (Fig. 2) . Figure 8 indicates that the addition of NaCl did not affect the lipid composition of OS2101, as expressed by distribution of radioactivity in uniformly labeled cells. Cells in the presence of various concentrations of NaCl followed essentially an equal decrease in PE and increase in CL at 44CC and also at 42CC (data not shown).
In a transitional period, a few hours after the temperature shift, concerted changes in various cellular functions may occur, and the correlation of PE synthesis and phenotypic properties may be difficult to analyze. The remedial effects of cations and sucrose made it possible to obtain a steady state of growth for OS2101 at higher temperatures, at which PE synthesis decreased. OS2101 and OS2124 in NBY with a total NaCl concentration of 2.5% were grown at 420C; before the end of the exponential growth phase, a portion of the culture was diluted to 1/70 by the identical medium OS2101 was uniformly labeled with 32P; at 27CC in the presence of NaCl at different concentrations, the culture temperature was raised to 44CC, samples were withdrawn at the times indicated, and the radioactiuity of each lipid was determined. NaCl concentrations are the total added to the media. prewarmed to 42CC, and exponential growth was continued for 10 generations. The incorporation of 32P, into lipids was then assayed at the same temperature. Table 3 compares the synthetic rates of major lipids, as well as the growth rates, for two strains. The rate of total lipid synthesis was nearly half in OS2101 when compared with that of OS2124. Since the synthesis of the acidic lipids PG plus CL was almost the same by the two strains, the difference in the total rate was mostly due to a low synthetic rate for PE in OS2101 (one-fourth that of OS2124). The conversion of PG to CL was found to be faster in OS2101. The difference in growth rates of the two strains under these conditions was much smaller than the difference in rates of lipid synthesis. The data of Table 3 support two conclusions: the rate of PE synthesis in OS2101 was far less than that which could support cell division and growth without NaCl, and yet the rate of PE synthesis was considerably higher than that observed immediately after the temperature shift from 27 to 42CC (Fig. 2) .
DISCUSSION
Temperature-sensitive growth of strain OS2101, which bears a mutated gene, pss (Ts), to form temperature-sensitive PS synthetase, has clearly indicated that the biosynthesis of PE in E. coli K-12 proceeds via CDP-diglyceride and PS, as predicated by the biochemical evidence (2, 14, 15) . It is also clear that PS synthetase is the only enzyme to form PS in this organism. Cronan reported the isolation of another type of temperature-sensitive PE mutant which mapped very close to plsA (min 11, far distant from pss) (7) . Although the biochemical defects in these mutants are not clear, the phenotypes resemble those of the pss mutants, except that CL did not increase upon the temperature shift from 25 to 37CC. Since the PS synthetase of E. coli B was described to consist of a single polypeptide species (16), it is not unreasonable to suspect that Cronan's mutants possess defects in a gene directing not the PS synthetase itself but some other product with a regulatory function, such as a membrane protein, which would interact with soluble PS synthetase to maintain the efficient flow of phosphatidyl compounds to PE.
The results shown in Fig. 3 deserve some attention. The phospholipid contents per unit weight of cells or cellular protein at 27CC of OS2101 and the revertants were higher than that of OS2124. This difference was repeatedly observed, but the reason for such a difference among the strains putatively isogenic except The enhancement of CL synthesis in OS2101 after the elevation of the culture temperature suggested the existence of regulatory mechanisms in the biosynthesis and metabolism of phospholipids. A decrease in PE and increase in CL have been simultaneously observed in a sodium-sensitive E. coli mutant (18) , phenethyl alcohol-treated cells (21) , and an envC division mutant (19) . A simple increase in PG turnover to CL is usually seen in the transition from the exponential to the stationary phase of growth (6) . The possible mechanism for the simultaneous changes in PE and CL would be the stimulation of CL synthetase either by CDP-diglyceride, as suggested by Hirschberg and Kennedy (12) , which had accumulated slightly by the halt of the substrate flow to PS, or by a physicochemical change in the surrounding membrane caused by the suboptimal synthesis of PE. If the latter is the case, the observed CL increase might have some process(es) in common with the accelerated turnover of PG in a division mutant reported by Michel et al. (19) . It might be argued that the increase in the CL/ PG ratio has a causal relationship to the defect in cell division, and that the suboptimal synthesis of PE in OS2101 and an unknown defect in a cell surface component such as lipopolysaccharide in the envC mutant are the origins of these perturbations. This, however, does not seem to be the case, since NaCl did not have a remedial effect on the envC mutant (19) and did remedy the division of OS2101 without affecting lipid composition.
Remedial effects of various salts and sugars added in the culture medium on many temperature-sensitive missense mutants have been reported (1, 4, 5, 10, 13, 28, 29) . Although the mechanism underlying the phenotypic suppression is not yet clear, a working hypothesis that the cells regain growth by changing the conformation of mutated protein to a functionally active form at restrictive temperature has been presented in most cases. The only possible exception to this hypothetical explanation is the osmotic remedial phenomena of unsaturated fatty acid auxotrophs. Broekman and Steenbakkers (5) and Akamatsu (1) demonstrated that the osmotically stabilized conditions enabled the growth of temperature-sensitive unsaturated fatty acid auxotrophs of E. coli K-12 without restoring the optimal synthesis of unsaturated fatty acids. In the present study, the pss mutant has also been shown to be remedial with cations and sucrose. PS synthetase, the gene product of pss, was certainly protected in the in vitro assay by the combined presence of sucrose and sodium sulfate, but this protective effect seems unlikely to be the origin of observed in vivo suppression since the presence of NaCl or synthetic media, which supported the growth of OS2101 at restrictive temperature, did not affect the PE synthesis. OS2101 became viable at restrictive temperature without the optimal synthesis of PE and with altered membrane lipid composition. In this sense, the phenomenon resembled the remedial effects of osmotic stabilizers on unsaturated fatty acid auxotrophs, in which the mutated gene products were not functionally recovered (1, 5) . Examination of the effective concentrations of different remedial effectors on OS2101, however, strongly suggested that the effect did not simply come from their contribution to the culture osmotic pressure, in contrast to the case of unsaturated fatty acid auxotrophs, to which an equivalent osmotic pressure caused an equivalent effect (1) .
The mechanism whereby OS2101 became vi- 
